-/lo cells in G0 phase of cell cycle were cultured under 7 different cytokine combinations, monitored for proliferation on days 3, 5 and 7, then assayed for LTC-IC function on day 7. LTC-IC function was then retrospectively correlated with prior number of in vitro cell divisions to determine whether maintenance of LTC-IC function after in vitro cell division is dependent on cytokine exposure. In the presence of proliferation progression signals, initial cell division was independent of cytokine stimulation, suggesting that entry of primitive HPC into cell cycle is a stochastic property. However, kinetics of proliferation beyond day 3 and maintenance of LTC-IC function were sensitive to cytokine stimulation, such that LTC-IC underwent an initial long cell cycle, followed by more synchronized shorter cycles varying in length depending on the cytokine combination. NOD/SCID transplantation studies revealed analogus results to those obtained with LTC-IC. These data suggest that while exit from quiescence and commitment to proliferation might be stochastic, kinetics of proliferation, and possibly fate of primitive HPC, might be modulated by extrinsic factors.
INTRODUCTION
Self-renewal division of hematopoietic stem cells (HSC) enables simultaneous sustained production of blood cells and maintenance of the stem cell pool. To support these functions, HSC, under stochastic and deterministic regulatory mechanisms, balance differentiation and self-renewal to maintain steadystate hematopoiesis. Experimental evidence in human 1, 2 and animal systems 3, 4 clearly demonstrate that this balance is quickly broken in vitro where HSC proliferation is invariably associated with loss of selfrenewal divisions. However, the extent of differentiation of primitive HSC following a limited number of divisions in vitro is dependent on the nature of the proliferative stimulus [5] [6] [7] with different growth factors influencing hematopoietic function either negatively 8 , or positively 9, 10 . Distinct growth factor requirements for proliferation of different classes of primitive hematopoietic progenitor cells (HPC) such as the long-term culture initiating cell (LTC-IC) and extended LTC-IC, have been identified 11 .
Maintenance and modest expansion of HSC activity in cultures supplemented with different cytokine combinations has been reported both in human [12] [13] [14] [15] and mouse systems 10 . Although the association between number of cell divisions and maintenance of primitive HPC function has been previously investigated 16, 17 , comparison of in vitro and in vivo data has not been performed nor have these results been used to estimate the length of cell cycle of primitive HPC in vitro. Recently, in vivo stem cell function of murine HSC undergoing different types of cell division kinetics in vitro was examined, but the precise proliferative history of dividing cells was not recorded 18 . Our laboratory [19] [20] [21] and that of others 9 examined the fate of human HPC following a predetermined number of cell divisions in vitro. These studies concluded that after few divisions, the hematopoietic potential of primitive HPC was compromised although other studies observed a slight increase in function among proliferating cells 22 .
However, these studies were not designed to examine the fate of individual primitive HPC following successive cell divisions, although in some studies, the proliferation kinetics and growth onset 23 or the proliferative history of individual clonogenic progenitors 24, 25 were assessed.
LTC-IC is among the most primitive HPC that can be assayed in culture 26 .
In an LTC-IC assay, the proliferative history, number of cell divisions, and the length of cell cycle of individual LTC-IC cannot be evaluated. Single cell studies of highly purified human fetal liver HPC allowed for the assessment of the length of cell cycle but did not determine the functional properties of progeny cells 27 . Other reports investigated the effects of positive and negative regulators of hematopoiesis on cell cycle kinetics of individual murine HPC 28 but only the high cloning efficiency of purified cells was examined leaving the relationship between cell cycle kinetics, length of cell cycle and maintenance of clonogenic potential unanswered.
For personal use only. on October 28, 2017 . by guest www.bloodjournal.org From Mechanisms governing entry of HSC into active phases of cell cycle and subsequent proliferation, differentiation or self-renewal, remain obscure. While some investigators believe these functions are stochastic [29] [30] [31] [32] , others favor a more active role for extrinsic factors in stem cell regulation 6, [33] [34] [35] . Effects of extrinsic signaling have been examined by traditional recloning experiments [36] [37] [38] , assessment of the bipotential of daughter cells 37, 39 , and more recently, by transplantation studies 40, 41 . However, it has been difficult to unequivocally endorse either model of HSC regulation due in part to the absence of assays that can measure the activity of a large number of individual primitive HPC with a known proliferative history and to mathematically model the behavior of these cells.
Building on the rationale of our previous study 24 , we designed an assay in which the fate of individual LTC-IC could be determined following enumeration of the number of cell divisions accomplished after 7 days in culture. With this approach, we investigated the effects of extrinsic cytokine stimulation on the regulation of proliferation kinetics and maintenance of function of primitive HPC and measured the length of cell cycle of LTC-IC maintained under different cytokine combinations. We report here that exit from quiescence may be a stochastic property of primitive HPC but that proliferation kinetics and maintenance of hematopoietic potential may be modulated by cytokines. A total of seven different cytokine combinations were used all of which contained a basic combination of stem cell factor (SCF), Flt-3 ligand (FL) and megakaryocyte growth and differentiation factor (MGDF). TGF-was included in one cytokine combination and all combinations and cytokine concentrations are detailed in Table 1 . For ease of data presentation, these cytokine combinations will be referred to as combinations 3 through 9 as indicated in Table 1 Cultures were replenished with fresh cytokines every 48 hours and cell density was maintained below plates were fed by a half-medium change and at week 4 (5 weeks total), 120 ML were removed from each well and the remaining medium was mixed with 150ML of a mixture consisting of 3 parts FCS and 4 parts 3.3% methylcellulose containing at final concentrations 5x10 -5 M 2-mercaptoethanol, 100ng/ml SCF, 10ng/ml IL3, 10ng/ml IL6, 5ng/ml GM-CSF and 2U/ml Epo. Plates were incubated at 37°C in a 100% humidified 5% CO 2 atmosphere. After two weeks, individual wells were scored for colony formation and those with one or more hematopoietic colony(s) were considered to have originated from a single LTC-IC. The proliferative history of clones in round-bottomed plates was retrospectively associated with LTC-IC activity. Figure 1A ). For personal use only. on October 28, 2017. by guest www.bloodjournal.org From
Comparison of the rates of cell division at day 3 showed that, adjusted for multiple comparisons, combination 3 was associated with lower rates of cell division compared to the remaining combinations.
No other pair wise comparison was statistically significant. These results demonstrate that in the presence of proliferation progression signals (combinations 4 through 9), commitment to division is a stochastic property of primitive HPC. Second, between 1.6% and 7.1% of all wells analyzed under all seven combinations contained only one cell on d5. Comparison of these results indicated that on day 5, the frequency of cells that had not divided was not statistically different for any cytokine combination.
These observations suggest that commitment to division may be a stochastic property of primitive HPC, some of which require multiple or prolonged cytokine stimulation prior to their initial division.
Proliferation kinetics of single G 0 CD34
+ CD38 -/lo cells in response to different cytokine combinations. Cell counts on days 3, 5, and 7 allowed for the examination of the rate at which G 0 CD34 + CD38 -/lo cells proliferate in response to different cytokine combinations and to estimate the minimum time required to execute the first division. As can be seen in Figure 1B . These results suggest that although the decision to commence division may be a stochastic property of HPC, cell division kinetics can be manipulated by extrinsic growth factors.
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Interestingly, pairwise comparisons between treatments indicated that the outcome of LTC-IC readout under the effect of SFM3 was significantly different than other cytokine combinations (p values for paired comparisons <0.05). In addition, the difference between combinations 3 and 9 was also significant (p=0.005). These differences suggest that whereas it is difficult to alter the commitment for initial cell division of HPC, the frequency of cells initiating cell division under different culture conditions can be moderately modulated in vitro. No apparent differences were observed in types of colonies generated by LTC-IC under different cytokine combinations.
For Interestingly, the inhibitory effect of TGF-on proliferation of primitive HPC could be gleaned through its ability to retain 60% more LTC-IC in the 5 to 8 cell group compared to the same cytokine condition devoid of TGF-( Figure 3A , combinations 9 and 7, respectively). By d7, the inability of combinations 3 and 4 to sustain multiple divisions of LTC-IC was more evident since only one third of these clones divided beyond 8 cells while >50% of clones in the remaining 5 conditions contained >8 cells ( Figure   3B ). 
Number of cells on day 5 Probability of detecting LTC-IC activity in individual clones
Relationship between number of cell divisions on d5 and maintenance of LTC-IC activity. To investigate if cytokine conditions modulate the fate of LTC-IC through successive divisions, the proliferative histories of individual clones under each of the 7 conditions were used to predict the possibility of an LTC-IC positive outcome using logistic regression. As can be seen in Figure 4 , the actual probability of clones scored as LTC-IC as a function of cell number per clone on d5 (red data
For personal use only. on October 28, 2017. by guest www.bloodjournal.org From points) as well as the calculated prediction of detecting an LTC-IC (blue data points) varied from one cytokine combination to the other. Most striking was the quadratic or curvilinear effect observed with combination 4 (SFM3) indicating that the probability of detecting an LTC-IC under these conditions decreased significantly when individual clones exceeded 4 cells (p=0.03). Under combinations 7, 8, and 9, a gradual increase in the probability of scoring an LTC-IC, albeit not statistically significant, was observed with increasing cell number per clone.
Logistic regression analysis of cell numbers in clones scored as LTC-IC on d7 generated similar results with few notable differences. A significant curvilinear effect continued to be present for combination 4 (SFM3. p=0.015). In addition, a significant curvilinear effect appeared for combination 5 (p= 0.029).
Finally, the linear effect of cell number observed on d5 for SFM36G persisted on d7 but did not reach significance (p=0.059). This trend suggested that under the influence of SFM36G, an increased probability for detecting LTC-IC function with increasing cell number may exist. These results document that the fate of individual LTC-IC following successive cell divisions can be modulated by different cytokine combinations, some of which are detrimental (combinations 4 and 5 in Figure 4 ) while others are more conducive (combinations 8 and 9 in Figure 4 ) to maintenance of primitive HPC function.
Estimation of the length of cell cycle of LTC-IC in vitro. Proliferation kinetics of individual LTC-IC
between d0 and d7 were used to estimate the length of cell cycle of LTC-IC in vitro (Table 2 ). Data shown in Table 2 illustrate four important points. First, the estimated length of cell cycle varied considerably depending on the composition of the cytokine stimulation received by individual LTC-IC.
Second, on d5 and d7, the length of cell cycle was almost constant for each cytokine combination.
However, at earlier observation points (d3), longer cell cycle times were evident within every group suggesting a slow initial entry of these cells into active phases of cell cycle followed by a more rapid rate of turnover that brings cells under different conditions within a narrow range of cell cycle length. It is important to point out that at d3, the average cell number in each well, under all conditions except one, was <3 demonstrating that, on average, less than 2 divisions had taken place (even if cell division of daughter cells was asymmetric) thus emphasizing that any lag time in cell division was considered by these calculations as part of the actual length of the first cell cycle. Third, the highest rate of proliferation observed for combinations 7 and 8 on d7 reduced the length of cell cycle to 33.6h and 34.9h, respectively, while a longer doubling time was maintained under combination 3 (estimated length of cell cycle was 62.0h to 69.2h). Fourth, presence of TGF-in the culture medium produced a dramatic stabilization of the length of cell cycle at all times analyzed. Table 2 ). Analysis of chimerism data ( Figure 5 ) using an analysis of variance routine revealed a significant difference in chimerism (at the 10% level) between the 3 groups (p=0.08) and at the 5% level between combinations 3 and 8. As can be seen in Figure 5 , cells expanded in combination 3 provided significantly less chimerism than fresh cells (7. For personal use only. on October 28, 2017. by guest www.bloodjournal.org From
DISCUSSION
The experimental design of studies in this report allowed for the examination of whether exit of primitive HPC from quiescence and execution of at least one cell division is a stochastic property of these cells, or an event that may be regulated by exogenous stimuli. If commitment to cell division is deterministic, , only to observe similar findings, namely that the hematopoietic function of dividing cells decreased with each division cycle. However, the proliferative history of single progenitors for retrospective analysis of the relationship between cell division and hematopoietic function was not recorded. When such an approach was taken in the present studies, it became evident that maintenance of LTC-IC function through cell proliferation was cytokine responsive. However, the ability to modulate preservation of LTC-IC function through cell division is rather limited and appears to be only moderately dependent on cytokine combinations used in culture. Although we could not perform direct measurements of self-renewal divisions, nor assess whether symmetrical or asymmetrical divisions dominated the proliferative behavior of these clones, it is certain that progeny of each LTC-IC clone containing two or more cells on d7 resulted from at least one self-renewal division. Previous 50 demonstrated that human LTC-IC can proliferate in vitro without complete loss of their ability to be detected. Here we extended these studies and examined more closely the relationship between proliferative history and detection of LTC-IC function under multiple conditions.
Regulation of mitogenesis of HSC and maintenance of their hematopoietic potential has been the subject of many studies trying to establish an association between both parameters or to confirm that these functions are dissociated. Our present studies provide evidence that these functions are not necessarily coupled and that extrinsic stimuli can alter the maintenance of function of HPC proliferating in vitro. If LTC-IC activity is considered as a surrogate measure of stem cell function, our results appear to be in contradiction with those of Muller-Sieburg et al. 51 who concluded that self-renewal and differentiation decisions are more deterministic than stochastic. Other studies in which symmetry of initial cell divisions was examined, concluded that extrinsic signals may alter lineage commitment and proliferation, but not symmetry of early divisions which are most likely stochastic 16 . Here, we reached similar conclusions regarding recruitment of primitive HPC into cell cycle and subsequent proliferation kinetics and maintenance of LTC-IC function. Although these results suggest that it is possible to tailor culture conditions to promote a desired rate of proliferation and maintenance of function, early events in stem cell behavior including commitment to proliferation may not be affected by extrinsic conditions.
Variability in the length of cell cycle under different conditions may reflect the susceptibility of LTC-IC to extrinsic factors impacting both recruitment of cells into cell cycle and subsequent proliferation.
The almost horizontal plot of the predicted LTC-IC probability under combination 3 ( Figure 4 ) suggests that SCF, Flt-3 ligand, and MGDF (TPO) are capable of sustaining self-renewal divisions. In similar in vivo studies 50, 52 and in others 9, 13 , the role of these 3 cytokines, alone or in different combinations, in supporting self-renewal was noted. The ability of IL-6 to partially restore loss of function observed with IL-3 ( Figure 4 , combination 5) was not completely unexpected. That IL-3 abrogates the reconstituting potential of murine HSC in irradiated 8, 53 and normal 54 hosts is established. Conversely, IL-6 has been shown to promote self-renewal of HSC 9 , and in combination with IL-3, conserved the marrow repopulating potential of ex vivo manipulated cells 55, 56 . It is therefore possible that IL-6 reverses the quadratic effect observed for LTC-IC function in combination 4. However, this IL-6-mediated reversal was not long-lived since a significant quadratic effect was observed on day 7 for clones maintained in . Eaves and coworkers 58 reported that proliferation of primitive HPC could be prolonged when the effect of TGF-was neutralized by specific antibodies. In our studies, TGF-prolonged the cell cycle of LTC-IC from 33.6h to 41.9h (Table 2 , combinations 7 and 9, d7) demonstrating the proliferation inhibitory effect of this modulator.
The length of cell cycle of HSC has been debated for a long time. Several in vivo murine studies established that stem cells cycle continuously, albeit at a very slow rate 61, 62 . Other studies on stem cell proliferation kinetics suggest that following a period of quiescence, HPC divide in vitro in a synchronous manner and undergo cell cycle related and reversible changes 63, 64 . We previously demonstrated 19 that human HPC cultured in vitro display a period of mitotic quiescence
19
. A similar outcome was observed in the present studies whereby the first division took longer than subsequent divisions as reflected by the length of cell cycle calculated on days 3, 5 and 7. Interestingly, the length of cell cycle on d5 and d7 was similar within every cytokine combination suggesting synchrony 63, 64 . In response to combination 3, Table 2 ), the length of cell cycle on day 3 was 2.6 and 2.5 days, respectively ( Table 2) . These values verify that calculations made in our study for the length of cell cycle take into account any lag period observed with cultured cells by including this time into the length of the first cell cycle. Between 288 and 984 clones were analyzed for each cytokine combination. The difference between SFM and control groups and between SFM and SFM36G was significant at the 10% level. 
